Global fisheries landings ceased increasing decades ago, causing an increasing shortfall in wild 8 seafood supply and an expansion of aquaculture. The abundance of domesticated fishes now 9 dwarfs related wild fishes in some coastal seas, changing the dynamics of their infectious 10 diseases. Transport and trade of seafood, feed, eggs, and broodstock bring pathogens into new 11 regions and into contact with naïve hosts. Density-dependent transmission creates threshold 12 effects where disease can abruptly switch from endemic to epizootic dynamics. Hydrodynamics 13 allow pathogens to disperse broadly, interconnecting farms into meta-populations of 14 domesticated host fish in regions that also support related species of wild fish. Spill-over and 15 spill-back dynamics of pathogen transmission between wild and farmed fish can create novel 16 transmission pathways or bioamplify pathogen abundance, potentially depressing or endangering 17 wild fish. Mortality from natural predator-prey interactions may be synergistic or compensatory 18 with these increased infections. Domestic environments may favour the evolution of undesirable 19 pathogen traits, such as virulence and drug resistance, leading to the emergence of strains that 20 cause high mortality and/or evade treatment. Overall, these changes to the dynamics of infectious 21 disease in coastal seas impose new constraints on the sustainability of both wild and farmed fish. 22
With this blue revolution, some coastal seas are becoming managed for aquaculture 34 production (Goldburg and Naylor 2005) . Large populations of domesticated fish now inhabit 35 some ocean regions, where marine ecosystems provide both services and disservices to the 36 aquaculture industry. Services include the provisioning of fresh seawater and the assimilation of 37 waste, whereas disservices include a diversity of parasite infections (ranging from viruses to 38 metazoans) that originate from sympatric wild fishes (Nowak 2007, Walker and Winton 2010b) . 39
Infectious diseases cost shellfish and finfish aquaculture industries billions annually and pose 40 disease risks for wild fish (Krkošek et al. 2006 , Lafferty et al. 2015 . The population biology of 41 fish and parasites should alert us to changes in the epidemiology of infectious diseases in a future 42 of domesticated seas (Grenfell and Dobson 1995, Mennerat et al. 2010) . 43
In this paper I discuss the ecological and evolutionary theory of marine infectious 44 diseases in the context of global trends in aquaculture and fisheries. To be clear, I refer to 45 parasites as the full assemblage of microparasites (e.g. viruses and bacteria) and macroparasites 46 D r a f t (e.g. helminthes and sea lice). I begin by situating fisheries and aquaculture within the 47 framework of emerging infectious diseases (EID), and then discuss the main ecological and 48 evolutionary dynamics that characterize the population biology of these host-parasite systems. 49 My focus is on population level theory of parasites and wild fish, and how the introduction of 50 domesticated fish may affect dynamics. I conclude with a discussion of how the ecological and 51 evolutionary dynamics described may affect future epidemiology of marine infectious diseases 52
given a global context of saturated fisheries and expanding aquaculture. 53 54
Emerging Infectious Diseases of Fish 55
The emergence of infectious diseases is often traced to the intensification of parasite 56 transmission among humans, domesticated animals, and wildlife (Daszak et al. 2000) . Diseases 57 such as plague, avian flu, HIV, and Ebola, are all examples of emergence and spread in this way. 58
The growth of domesticated fish populations raised in coastal seas has created the spill-over 59 (parasite transmission from wild to farmed animals) and spill-back (parasite transmission from 60 farmed to wild) dynamics that are key ingredients for disease emergence (Daszak et al. 2000) . 61
Further, there are unique characteristics of marine epidemiology that may facilitate disease 62 emergence and spread in coupled wild and farmed fish populations. 63
The dynamics of infectious diseases in the oceans differ from those on land in several 64 ways (McCallum et al. 2004 ). First, ocean environments have fewer barriers to the movement of 65 hosts and pathogens. Second, large migrations of fish are common, and ocean currents can carry 66 both hosts and pathogens for long distances. Third, common behaviours such as aggregation of 67 fish hosts in shoals and schools can further facilitate disease spread. As a result of these 68 differences infectious diseases have rates of spatial spread in the oceans that are one to two 69 Comparisons have suggested that fish populations in marine protected areas have higher 79 abundances and diversity of parasites (Lafferty et al. 2008) . 80
At the same time, however, infectious diseases of farmed fish are a significant 81 impediment for aquaculture production (Walker and Winton 2010a, Lafferty et al. 2015) . A 82 recent review of EID (there defined as emergence of previously unknown diseases, or spread of 83 existing disease into new host species or geographic locations) in wild vertebrates indicated that 84 freshwater and marine fishes have the highest rates of disease emergence amongst vertebrates, 85 which is at least partially because they are the most speciose group (Tompkins et al. 2015) . The 86 most common mechanism of EID in other taxa was human-mediated transmission whereas for 87 wild fish, it was mostly direct transmission between wild and domesticated fish. Approximately 88 75% of new and ongoing cases of EIDs in wild fish since 2000 have co-occurred in aquaculture. 89
These patterns contain a sample bias for temperate species of commercial importance, like 90
salmon. 91
Overall, these trends of disease cases in wild and farmed fish suggest that coastal seas 92 utilized for fishing and aquaculture have seen a decline in wild fish stocks and their parasites due 93 to fisheries effects on fish stocks, but an increase in domesticated fish populations and their 94 D r a f t 5 parasites due to aquaculture expansion. In seas where wild and farmed fish share parasites, this 95 creates parasite-mediated apparent competition that is modified by economic and policy 96 feedbacks. Theory of such interactions is currently lacking but is needed to understand the 97 dynamics of such coupled human and natural systems. In the next sections I discuss key 98 ecological and evolutionary processes that are likely to modify the epidemiology of infectious 99 diseases in coastal seas due to the transmission of parasites between wild and domesticated fish. 100
101

Parasite Dispersal 102
Hydrodynamics of coastal seas can allow parasite transmission to occur over long distances. 103
Physical hydrodynamic variables such as salinity, temperature, UV radiation, wind, river 104 discharge, and tidal currents all can affect the distance that parasites can spread in a coastal 105 marine environment (Garver et diseases) as well as vectors that actively search for hosts (e.g. mosquitos). In these cases, the 180 transmission rate is frequency dependent (i.e. it depends on the prevalence of infection but not on 181 the density of hosts). For fish, it is common for macroparasites to have an indirect lifecycle that 182 involves invertebrate intermediate hosts, but active vector-borne transmission appears to be 183 relatively rare. Due to external fertilization, sexually transmitted diseases are likely to also be 184 rare for fish. These patterns mean that parasite life-histories that have density dependent 185 transmission are likely to make up the majority of fish diseases, although such patterns have not 186 been empirically quantified. 187
Density dependent transmission creates a threshold effect in the population dynamics of 188 disease. At low host densities an infection will fade out after being introduced, whereas at high 189 D r a f t host densities an initial infection will, on average, spread to at least one or more other hosts. 190
There is therefore a critical host density threshold that separates two sets of dynamics, one where 191 diseases fade out and another where diseases spread. Because the critical host density is a 192 function of environmentally-dependent demographic parameters, the threshold itself is also 193 likely to be a function of such factors as temperature and salinity (e.g. sea lice), or UV radiation 194 
Allee effects 210
Allee effects -reduced fitness at low population abundance -may create other thresholds in the 211 population dynamics of host-parasite systems. Whereas the critical host density thresholds 212 discussed above involve dynamics where parasite demography is dependent on host density, 213 D r a f t Allee effects refer to situations where parasite demography depends on parasite abundance and 214 where host demography depends on host abundance. 215
For parasites, demographic Allee effects may occur through at least two mechanisms. 216
Mate limitation likely occurs for dieocious parasite species (males and females are separate 217 individuals) because the probability a male and a female occur in the same host decreases at low 218 parasite abundances (May 1977) . Separately, Allee effects may occur for parasites that have 219 positive-sloped dose-response curves (probability of pathogen invasion in an individual host is 220 an increasing function of the abundance of pathogens to which it is exposed) (Regoes et al. virulence of pathogens in aquaculture systems. These included four related to intensive 293 aquaculture operations: high-density rearing of farmed fish, which aids transmission; shortened 294 rearing cycles of farmed fish, which selects for faster transmission rates of parasites; low genetic 295 diversity of broodstock, which allows invasion of virulent specialist strains of parasites; and 296 endemic infections in farmed stocks, which creates opportunities for adaptation of parasites. An 297 additional four factors relate specifically to disease control practices: incomplete vaccination, 298 which creates dynamics similar to the endemic infection described above; breeding for 299 resistance, which because it doesn't completely prevent infection or transmission can similarly 300 select for increased virulence; chemotherapy, which can select for virulence if the mechanism 301 that selects for drug resistance is also linked to virulence; and management practices that favour 302 horizontal transmission (among conspecifics) over vertical transmission (parent to offspring). predictions as to the epidemiological consequences of aquaculture growth, it is much more 364 difficult to predict the details of where, when, and for whom EID will occur. For example, while 365 theory predicts continued emergences of virulent parasite strains it is not possible to presage the 366 exact details of timing, location, and extent because any true model of such dynamics would be 367 inherently stochastic. The issue of parameter uncertainty and parameter dependency on abiotic 368
variables also makes it difficult to make precise predictions, for example, when a host-density 369 threshold for a disease outbreak may be exceeded (Frazer et al. 2012 ). There is also an issue of 370 structural uncertainty in spatial scale, spatial structure, biological variables, or their interactions 371 so that it is not possible to know with certainty the exact model from which to make theoretical 372 predictions for particular contexts. Models will also vary among species, and a crux for future 373 research is to understand that variation to explain why only some parasites emerge as disease 374 problems for wild and farmed fish despite a diverse range of parasites that can be exchanged. 375
Nevertheless, while the theory of parasite population biology will necessarily fall short of 376 making precise predictions on epidemiological changes, it does provide an informative 377 framework for interpreting the causes of observed outbreaks, changes in pathogen traits, 378 management successes and failures, and future expectations (Peacock et Groner et al. 2016 ). This connection between theory and practice does not only point to 380 some utility for management but also opportunities to develop, test and refine theory. Looking 381 forward, both theory and empirical work suggest that a future of continued aquaculture growth 382 includes an intensification of ecological and evolutionary processes that facilitate disease 383 emergence. EID events in coastal seas with intensive aquaculture will likely continue with little 384 or no warning, and they will likely occur with increasing frequency, challenging innovation in 385 disease management to keep pace. Understanding and managing marine diseases will therefore 386 be critical to navigating towards a future for coastal seas in which prosperous aquaculture 387 activity coexists with productive coastal ecosystems and fisheries. is the average abundance of parasites, ߠ is the per-parasite rate of increased attack rate of the 696 predator on the prey, ܶ is the handling time, and N is the abundance of the prey population. In 697 the model, increasing levels of parasite abundance cause the functional response curve to rise 698 more quickly but do not change the saturation level of prey consumption. The result is that at low 699 prey abundance, predation indirectly intensifies mortality arising from parasites whereas at high 700 prey abundance predation rates are unaffected by parasite levels but instead become focused on 701 the infected portion of the prey population. conditions. The model assumes that both transmission ߚ and host mortality ߰ are functions of 708 virulence ߙ, where virulence is proportional to the rate of host-exploitation of the parasite 709 resulting in increased parasite propagules being produced (increasing ߚ) but at the expense of 710 host mortality (increasing ߰ሻ. A measure of the fitness of the parasite is the net reproductive 711 value, ܴ (i.e., the number of secondary infections generated by a single infection in a 712 susceptible host population), and so ܴ = ሾߚሺߙሻ/߰ሺߙሻሿ ܵ, where S is the abundance or density 713 of susceptible hosts. Optimizing parasite fitness over virulence (i.e. ܴ݀ /݀ߙ = 0) gives the 714 evolutionary stable strategy for the virulence trait when ሺ1/ߚሻሺ݀ߚ/݀ߙሻ = ሺ1/߰ሻሺ݀߰/݀ߙሻ 715 where the benefit to increased transmission of increasing virulence (ሺ1/ߚሻሺ݀ߚ/݀ߙሻ, dashed 716 lines) equals the cost to increased host mortality of increasing virulence (ሺ1/߰ሻሺ݀߰/݀ߙሻ, solid 717 lines). The benefit curve is hypothesized to be steeper and the cost curve shallower in 718 domesticated environments relative to wild environments due to the lack of migration, predation, 719 and food limitation in domesticated environments. Such shifts in the trade-off curves cause the 720 evolutionary equilibrium of the virulence trait to shift to the right (vertical dotted lines). 
